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Abstract

Astacin metalloprotease family members function in a wide variety of biologic events, including cell differentiation and morphogenesis
during embryonic development and adult tissue differentiation. We previously isolated and characterized an astacin-like squid
metalloprotease (ALSM). To elucidate the embryonic expression of ALSM, we performed immunohistochemical analysis with specific
antibodies and examined the expression profiles of ALSM isoforms by in situ hybridization analysis. Tissue distribution and expression were
also examined in adult spear squid. mRNA expression of ALSM isoforms I and III was first detected in newly hatched squid and was
restricted to the liver. No mRNA signals were detected in other tissues even in adult squids. At the protein level, both isoforms were
prominent in the liver of embryos and later in digestive organs of adult squid. Both isoforms were also detected in muscle tissues, including
mantle and tentacle muscle. Staining for ALSM III was also identified in the iris and in tissues near the eye in squid embryos. However, no
reactive bands were detected by immunoblotting of adult squid eyes. Thus, ALSM is initially expressed at the late stage of embryogenesis in
spear squid, and expression is restricted to the liver. Thereafter, ALSM isoforms function in various tissues in an isoform-dependent manner.

© 2005 Elsevier Inc. All rights reserved.
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1. Imtroduction

Astacin-like squid metalloprotease (ALSM) has a high
substrate specificity for myosin heavy chain (MyHC) and
was originally identified in squid mantle muscle (Okamoto
et al., 1993; Tamori et al., 1999). Primary sequence analysis
has shown that ALSM is a member of the astacin family
(Yokozawa et al., 2002). Astacins were first identified as
digestive enzymes (EC 3.4.24.21) in the stomach of the
freshwater crayfish Astacus astacus (Titani et al., 1987;
Dumermuth et al, 1991). Astacin family members have
unique consensus sequences, including a zinc-binding
sequence (HEXXHXXGFXHEXXRXDRD) and a Met-tum
sequence (SXMHY) (Bode et al., 1993), and have been
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identified in various organisms from mammals to hydras
(Bond and Beynon, 1995; Sarras, 1996). Studies of domain
structure have revealed that astacins possess signal and
prosequence domains along with a conserved protease
domain characterized by the zinc-binding motif as well as
a unique C-terminal domain specific to each family member.
ALSM possesses signal, prosequence, and protease
domains, followed by a MAM (meprin, AS protein, receptor
protein-tyrosine phosphatase p) domain, which is a con-
served domain in the C-terminus of meprin, an astacin
family member (Bond and Beynon, 1995; Yokozawa et al.,
2002). Astacins are involved in a wide variety of physio-
logic events, including digestion (Vogt et al, 1989),
development (Takahara et al., 1994; Piccolo et al., 1996),
hatching (Yasumasu et al., 1992a; Lee et al., 1994; Katagiri
et al., 1997; Fan and Katagiri, 2001), regeneration (Yan et
al., 2000a,b), and activation of hormones and some peptides
(Yamaguchi et al., 1991). For example, human bone
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morphogenetic protein 1 (buBMP1) induces ectopic bone
formation in adult vertebrates (Wozney et al, 1988);
Drosophila toHoid is required for normal dorsal patterning
(Shimell et al., 1991; Marques et al., 1997); and meprins are
found in mammalian kidney and intestinal tissues and play
crucial roles in the processing of biologically active peptides
and extracellular matrix (ECM) proteins (Craig et al., 1987,
Bond and Beynon, 1995). An astacin-like protein from the
freshwater polyp Hydra vulgaris, described as hydra
metalloprotease I (HMP-1), is localized in the ECM in a
head-specific manner and has a functional role during
development (Yan et al., 1995). The fish hatching enzymes,
high and low choriolytic enzymes (HCE/LCE), are secreted
from hatching glands and digest the egg envelope (Yasu-
masu et al,, 1992b; Inohaya et al.,, 1995). Thus, astacins
have umque functions in each tissue in which they are
expressed. ALSM can hydrolyze MyHC; therefore, it is
thought to be involved in the metabolism of skeletal muscle
proteins (Okamato et al., 1993). Tissue distribution analysis
of ALSM activity with the use of MyHC as an in vitro
substrate revealed that ALSM exists in a wide variety of
tissues, particularly in digestive organs (Tajima et al., 1998;
Tamori et al., 1999). Two groups of ALSM isoforms are
present in squid: types I and IIl in spear squid and types 1
and II in Japanese common squid. These isoforms are
classified according to specificity for hydrolytic sites in
rabbit skeletal muscle MyHC. Differentially regulated
expression and distribution of the two groups of astacins
have been reported in hydra (Yan et al., 2000a,b). However,
the exact expression profiles of astacin isoforms have not
been reported.

In the present study, we obtained specific antibodies for
ALSM I and I isolated from spear squid (Loligo bleekeri)
and examined the tissue distributions of ALSM isoforms in
squid by immunohistochemistry. Expression of ALSM
mRNA in the squid was examined by in situ hybridization
and northern blotting and RT-PCR analysis.

2. Materials and methods
2.1. Materials

Spear squid (Loligo bleekeri) were purchased from the
Tokyo Central Wholesale Fish Market. Spear squid eggs
and embryos were a kind gift from Dr. Yuzuru lkeda,
Ryukyu University, and were fixed immediately in 4%
paraformaldehyde for histochemical and immunohistochem-
ical analyses or frozen in liquid nitrogen for biochemical
analysis. Embryos were collected from eggs incubated in a
small aquartum after approximately 6, 8, and 10 weeks of
incubation. Eggs incubated for 6 or 8 weeks were extracted
from the egg capsules, and the embryos were removed from
the eggs. Embryos after 10 weeks of incubation were at the
hatching stage. Embryos were mspected under light micro-
scopy (Fig. 1), and embryonic stages were determined on
the basis of morphologic characteristics according to the
criteria of Baeg et al. (1992). Embryos after 6 weeks of
incubation had large yolk sacs compared to the embryonic
body; red retinas and red chromatophores were evident on
the mantle surface but not on the tentacles, as is typical of
stage 23 of embryonic development. In embryos after 8
weeks of incubation, the yolk sac and head were approx-
imately the same size, which is typical of stage 26. Another
marker of this stage, a filled ink sac, was also visible
through the mantle muscle. Newly hatched embryos were
classified as stage 28 embryos.

2.2, Expression of recombinant proteins

Recombinant ALSM I and III of spear squid were
expressed in Escherichia coli for antibody specificity tests.
ALSM T and III ¢cDNAs were amplified from isolated clones
(Yokozawa et al., 2002) by PCR with primer pairs
(summarized in Table 1) of Y1-20 and T3 primer, and
Y3-1 and Y3-2, respectively. Amplified fragments were

Fig. 1. Light micrographs of spear squid embryos at stages 23 (A), 26 (B), and 28 (C) is, ink sac; ma, mantle; re, retina; te, tentacle; ys, yolk sac.
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Table 1
Oligonucleotide primers used for PCR amplification
Target gene Primer name Direction Sequence
Spear squid (Loligo bleekeri)
ALSM 1 Y1-20 forward: 5'-CCATGGCTGTACCTCTGGACACCGAGC-3'
Y1-15 reverse:’ 5'-CCGGATCCTTAACATTTTCCATC-3
ALSM I Y1-7 forward: 5'-GGGCATATGCTGGGTGGTGGATGTCGTG-3
Y1-12 reverse: 5'-GAATTCTCATGAATTGTAATCGTA-3
ALSM III Y3-1 forward: 5'-GGATCCATGGCAAACGCAATTGGTAATCTCAAA-3
Y3-2 reverse: 5-GGATCCATGGCACAACTTCCAGGTGTAAGTAAA-3
ALSM TIII Y3-h forward: 5-GGTCTTCCATATGATTACAATTC-3
Y3-t reverse: §-TCATCTGTTTCCATTTATTTCCTT-3
actin Actin-f forward: 5'-TCTGGCACCACACCTTCTACA-3
Actin-r reverse: 5 -GCCACGTAGCACAGCTTCTC-3'
Japanese common squid (Todarodes pacificus)
ALSM 1 S1-1 forward: 5'-GGATCCATGGCAAGTGTTGTTGGAGATCTTAAC-Y
81-2 reverse: 5'-GGATCCATGGCGCATCTTCCATCCAGAATAAA-Y
ALSM H S2-1 forward: 5'-GGATCCATGGCAAACGCAGTTGGTAGCATCAAA-Y
S2-2 reverse: 5-GGATCCATGGCACATTT CCCAGGCGTAAGTACG-3

then ligated into the pGEM-T Easy Vector (Promega,
Madison, WI, USA). An insert of ALSM I containing
sequence for the propeptide, protease, and MAM domains
was digested with Neol/EcoRI and further ligated into the
expression vector pET32b (Novagen, Madison WI, USA) to
express a thioredoxin-fused protein (65 kDa). An insert of
ALSM 1II containing the protease and MAM domains was
digested with Ncol enzyme and ligated into the Neol site of
the expression vector pETGEX-CT (Sharrocks, 1994)
provided from the Department of Microbial Genetics,
National Institute of Genetics (Shizuoka, Japan), and the
direction was determined by sequencing of isolated clones.
E. coli (BL21) were transformed with isolated clones, and
expression of glutathione-S-transferase (GST)-fused protein
(62 kDa) was induced by 1 mM IPTG.

Recombinant ALSM 1 and II from Japanese common
squid (Todarodes pacificus) were also expressed in E. coli
for use in antibody specificity tests. ALSM I and I were
amplified with primer pairs of S1-1 and S1-2, and S2-1 and
52-2, respectively. Both amplified fragments were ligated
into the pGEM-T Easy Vector and then subclone into the
PETGEX-CT expression vector. Ligation and transforma-
tion of E. coli were performed by the same technique as that
for spear squid ALSM III. The relative molecular masses of
GST-fused proteins of Japanese common squid ALSM I and
Il were 62 kDa and 65 kDa, respectively.

2.3. Antibody generation and immunoblot analysis

The polyclonal antibody (TY-ID) generated against a
small peptide from spear squid ALSM I was characterized
previously (Yokozawa et al., 2002). To generate an antibody
against spear squid ALSM I, GST-fused ALSM I was
expressed in E. coli as desecribed above, purified on
glutathione-agarose beads according to the manufacturer’s
mstructions (Amersham Pharmacia Biotech, Little Chalfont,
UK), and cleaved with 1 unit/L thrombin (Sigma-Aldrich

Chemical Co., St. Louis, MO, USA). Cleaved ALSM III
with protease and MAM domains was resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (Lacrmli, 1970) followed by electrophoretic elution
of ALSM 11 peptide from the gels. The purified peptide was
dialyzed against phosphate-buffered saline (PBS) and used
as antigen. Rabbits were immunized with the antigen
emulsified in Freund’s complete adjuvant and were boosted
twice with the same antigen emulsified in Freund’s
incomplete adjuvant. Serum containing anti-ALSM 111
antibody was purified by incubating the serum with nitro-
cellulose-bound antigen and then eluting it at low pH
(Sambrook et al., [289). Purified antibody to ALSM III was
designated as KY-I11.

To confirm the specificity of the generated antibodies,
crude liver extracts of adult spear squid were incubated with
antibody and protein A-Sepharose (Amersham Pharmacia
Biotech). Immune complex was washed three times with
PBS and divided into the half. One was cluted by the SDS-
sample solution (10% glycerol, 10% 2-mercaptoethanol, 3%
SDS, and 62.5 mM Tris—HCl, pH 6.7) and then was
resolved by 12% SDS-PAGE. The other half was incubated
with rabbit skeletal muscle myosin to examine the enzyme
activity (Tamort ¢t al., 1999). Briefly, immune complex was
mixed with reaction mixture to give final concentrations of
0.6 mg/mL rabbit skeletal muscie myosin, 100 mM sodium
phosphate, pH 7.2, 5 mM EDTA, 4 mM MIA, 8 mM
phenylmethylsulphonyl fluoride (PMSF), 20 pg/ml. pep-
statin A, 20 pg/mlL. leupeptin, and 10 mM ZnCl,. After
incubation for overnight at 37 °C, the reaction was stopped
by addition of SDS sample solution. Aliquots of the sample
were subjected to 10% SDS-PAGE.

2.4. Tissue sectioning and immunohistochemistry

Spear squid embryos fixed in paraformaldehyde were
rinsed with PBS several times and frozen in Tissue-Tek
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Fig. 2. Specificity tests of antibodies against ALSM isoforms. A, Lb-I and
Lb-I1L, Loligo bleckeri ALSM 1 and 1. Tp-1 and Tp-II, Todarodes pacificus
ALSM 1 and II. Bacterially expressed isoforms were subjected to SDS-
PAGE and either stained with Coomassie Brilliant Blue (CBB) (top panel)
or detected with antibodies to ALSM 1 (TY-ID) or III (KY-III). B, Crude
liver extracts of adult spear squid were incubated with pre-immune sernm
(Cont.), TY-ID and KY-III, and precipitated with protein A-Sepharose.
Precipitates were eluted and resolved by SDS-PAGE (left panel). Asterisk
shows the major band of antibody heavy chain. Arrow represents the
molecular size of ALSMs. Enzyme activity was examined with the
precipitates (right panef). No hydrolysis of rabbit skeletal muscle heavy
chain (MyHC) was observed in control; however, 130 and 90 kDa
fragments (arrowheads), and 120 and 100 kDa fragments (double-arrow-
heads) were observed when rabbit myosin was incubated with immuno-
precipitate with TY-ID and KY-III, respectively. C, Immunoblot analysis of
ALSM isoforms in spear squid embryos incubated 6 (stage 23), 8 (stage
26), and 10 (stage 28) weeks. Approximately 10 pg of total protein from
each sample extract was subjected to SDS-PAGE followed by staining with
CBB or detection with antibodies to ALSM isoforms. Both ALSM I (TY-
ID) and TIT (KY-III) were detected in extracts of stage 28 embryos as a
doublet. No signals were detected at other embryonic stages.

OCT compound (Miles, Elkhart, IN, USA) or mounted in
low-melt wax as follows: Embryos were dehydrated in a
graded ethanol/PBS series (30%, 50%, 70%, 90%, and
100% ethanol), 1 h per step at 4 °C. After two incubations in
100% ethanol, the specimens were stored at 4 °C overnight.
Embedding was carried out at 37 °C, first for 30 mm
100% ethanol at 37 °C, then in a graded 100% ethanol/low-
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melt wax (Steedman, 1957) series (2:1, 1:1, 1:2 vwW)
followed by three changes of pure wax, each for 1-2 h, and
overnight incubation at 37 °C. Specimens were then placed
into embedding molds and left to polymerize overnight at
room temperature. Ribbons of 10-um sections were placed
on albumin-coated slides and stretched by the addition of a
small drop of distilled water to one end of the ribbon. For
dewaxing and rehydration of sections, specimens were
immersed in an ethanol/PBS series (100%, 70%, 50%, 30%,
and 10% ethanol), 10 min per step at room temperature.
After two incubations in PBS for 10 min each, the
specimens were used for histochemical or immunohisto-
chemical analysis.

Indirect immunofluorescence was performed as described
previously (Yokozawa et al., 2002). Briefly, specimens were
permeabilized at room temperature in 0.1% Triton X-100 for
5 min. After a washing with PBS, nonspecific binding was
blocked with 10% normal goat serum and 3% bovine serum
albumin (BSA) in PBS for 1 h. Double immunolabeling was
performed with anti-actin antibody (diluted 1:2000, clone
C4; ICN Phammaceuticals Inc., Costa Mesa, CA, USA) and
affinity purified polyclonal antibodies TY-ID or KY-HII
(diluted 1:100). The secondary antibodies were Alexa 594-
conjugated goat anti-mouse IgG; antibody (diluted 1:150;
Molecular Probes, Eugene, OR, USA) for the C4 antibody
and fluorescein-labeled goat anti-rabbit IgG antibody (Kir-
kegaard and Perry Laboratories Inc., Gaithersburg, MD,
USA) for the TY-ID and KY-III antibodies. Specimens were
examined with a confocal microscope (LSM410; Carl Zeiss
Inc., Oberkochen, Germany).

2.5. Analysis of ALSM III mRNA expression in embryonic

fissue sections

To obtain sense and antisense riboprobes for ALSM I, a
small fragment (250 bp) was PCR amplified with the primer
pair of Y1-7 and Y1-12, and ligated into the pGEM-T Easy
Vector. The obtained subclone was linearized and used as a
template for the generation of riboprobes with a MAXIscript
In Vitro Transcription Kit (Ambion Inc., Austin, TX, USA).
Specificity of the probe was tested against clones of ALSM
T and I (data not shown). In situ hybridization (Henrique et
al., 1995) was performed as described previously (Take-
bayashi-Suzuki et al., 2000; Kanzawa et al., 2002). Briefly,
sections prepared as described above were treated with 20
ug/mL proteinase K for 3 min at room temperature. After
post-fixation with 4% paraformaldehyde in PBS for 10 min
at room temperature, specimens were rinsed with PBS,
preincubated with the hybridization mixture for 30 min at 65
°C, and reacted overnight at 65 °C with 0.5-1.0 pg/mL
digoxigenin (DIG)-labeled riboprobe. After 60 °C washes
and blocking, the samples were incubated overnight at 4 °C
with alkaline phosphatase-conjugated anti-DIG antibody
(diluted 1:2000, Roche, Switzerland). After washing to
remove unbound antibody, samples were stained with NBT/
BCIP mixture at room temperature for color development.
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2.6. Northern blotting and RT-PCR analysis

Total RNA was extracted with TRIzol reagent (Invitro-
gen), and approximately 30 pg of total RNA was separated
on a 1,0% agarose/formaldehyde gels and transferred to a
Hybond-N+ membrane (Amersham). Probes for Northern
hybridization were prepared as follows: Partial sequences
were amplified from isolated clones by PCR with primer
pairs of Y1-7 and Y1-12 for ALSM 1, and Y3-h and Y3-t for
ALSM 1II, and amplified fragments were ligated into
pGEM-T Easy Vector. Insert digested with EcoRI was used
as specific probe. Probe labeling, hybridization and detec-
tion were performed with the ECL Direct Nucleic Acid
Labelling and Detection System (Amersham) according to
the manufacturer’s instructions.

RT-PCR was performed with total RNA as follows: After
reverse transcription with oligo-dT primer, DNA was
amplified using primers against each specific sequence;
Y1-20 and Y1i-15 for ALSM 1, Y3-1 and Y3-2 for ALSM
11, and actin-f and actin-r for actin. PCR reaction conditions
for ALSM I and actin included initial denaturation for 2 min
at 95 °C followed by 30 cycles at 95 °C for 45 s, 56 °C for
45 s, and 72 °C for 90 s each plus a final incubation for 3
min at 72 °C. PCR amplification for ALSM IHI was
performed as described above except the annealing temper-
ature was 58 °C. Yielded products of ALSM I, IT], and actin
were 1261bp, 1142 bp, and 406 bp, respectively. PCR

products were resolved on 1% agarose gels and stained with
1 ug/ml. ethidium bromide.

3. Results
3.1. Antibody specificity

To generate a specific antibody against ALSM III,
recombinant protein containing the propeptide, protease,
and MAM domains was used fo immunize rabbits, and
antibody was purified from the serum and designated as K'Y-
1. To characterize the antibody specificity, immunoreac-
tivity to bacterially expressed ALSMs was examined (Fig.
2A). TY-ID recognized ALSM I from spear squid (Lb-I) but
not isoform from Japanese common squid (Tp-1). This is
due to the difference in peptide sequence, which was used to
generate TY-ID (Yokozawa et al., 2002). KY-III recognized
ALSM III from spear squid (Lb-1II) and, to a lesser extent,
ALSM 1I from Japanese common squid (Tp-II). To
certificate the specificity of antibodies, we performed
immunoprecipitation experiments with the generated anti-
bodies. The band of ALSM isoforms precipitated with
antibodics was not confirmed clearly, because of the
presence of antibody heavy chain at the similar molecular
masses (Fig. 2B, left pancl). However, precipitates exhibited
specific activities to hydrolyze myosin heavy chain (Fig.

Fig. 3. Overview of the immunohistochemical distribution of ALSM isoforms in newly hatched squid (stage 28). Merged images were obtained by double
immunostaining with specific antibodies against cellular actin (red) and ALSM isoforms (green), ALSM I (A), or 11T (B). White boxes (a—d in panel A and a—¢ in
panel B) carrespond to the panel numbers in Figs. 4 and 3, respectively. C, Light micrograph of a section of newly hatched squid (stage 28). ar, arm; bh, branchial
heart; bm, buccal mass; br, brain; co, cornea; i, fin; gi, gill; he, heart; is, ink sac; ir, iris; iy, inner yolk; li, liver; ma, mantle; of, optic lobe; re, retina; st, statocyst;

te, tentacle.

263



158 N. Kanzawa et al. / Comparative Biochemistry and Physiology, Part B 142 (2005) 153163

Fig. 4. Higher-magnification images of the tissue distribution of ALSM L.
Merged images shows the distribution of celfular actin (red) and ALSM
isoforms (green). Immunofluorescence analysis detected ALSM I staining
in muscle tissues, including (A) lateral fin (fi), (B) mantle {(ma), and (D)
tentacle (te). Strong staining was also detected in (C) the liver (li).
(Control), Negative control in the absence of primary antibody. su, sucker.
Bars indicate 50 pm.

2B, right panel). Immunoblot analysis of tissue extracts
showed a doublet at stage 28 (10 weeks), with a major 45-
kDa band and a minor 50-kDa band (Fig. 2C). Thus, we
concluded that the antibodies specifically recognized cach
isoform.

3.2. Tissue distributions of ALSM isoforms in embryos

We examined the embryonic tissue distribution of ALSM
isoforms by indirect immunofiuorescence analysis. ALSM
is a secreted protein reportedly localized i the extracellular
region of the mantle muscle (Yokozawa et al, 2002).
Distribution in other tissnes has not been reported. To
determine the extracellular localization, we performed
double immunostaining with the ALSM antibodies and an
actin antibody, which recognizes cytoplasmic actin (Fig. 3).
With both ALSM antibodies, a strong green signal was
identified in the retina. However, a similar signal was seen
in the absence of primary antibody as described below,
suggesting that the signal in the retina was due to
autofluorescence. Staining for ALSM I was detected in
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muscle tissues, including mantle, fin, and tentacles. In
contrast, no obvious staining for ALSM II was detected in
muscle tissues except fin. Both ALSM 1 and 111 staining was
detected in the fin, ALSM I staining was distributed over the
fin (Fig. 4a), whereas ALSM Il staining in the fin was
confined to the central area (Fig. 5a). Staining for ALSM 1
and III was detected in the liver (Figs. 4¢ and 5¢) and the
membranous tissue surrounding the inner yolk (Fig. 5b).
Interestingly, staining for ALSM IIlI was obvious in the iris
(Fig. 5e) and in tissue connected to the cornea (Fig. 5d).
However, no staining for ALSM I was detected in these
regions.

Fig. 5. Higher-magnification images of tissue distribution of ALSM IIL
Merged images shows the distribution of cellular actin (red) and ALSM
isoforms (green). Immunofluorescence analysis detected ALSM II in (A)
center area of the fin (fi) as indicated by arrow and in membranous tissue
surrounding the inner yolk (iy) as indicated by arrowheads in (A) and (B).
Strong staining was detected in (C) the liver (li} compared to the negative
control in the absence of primary antibody. ALSM I staining was also
detected in (D) tissue connected to the cornea (co) and in (E) the iris (ir). ol,
optic lobe. (re) represents the non-specific autofluorescence detected in
retina. Bars indicate 50 pun.
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We reported that immunoblot analysis showed ALSM 1
to be distributed in a wide variety of tissues in adult spear
squid (Yokozawa et al., 2002). However, expression of
ALSM mRNA has not been reported. In situ hybridization
analysis of stage 28 embryos showed expression of
ALSM I mRNA to be confined to the liver (Fig. 6B
and I3). However nonspecific sense signals were present
in the lower tip of the body and in the ink sac, retina, and
cornea (Fig. 6A). In the optic lobe, signals detected with
the anti-sense probe were stronger than those detected
with the sense probe. However, this may also have been
nonspecific background. Nonspecific signals were also
detected at the lower tip of the body and in the retina in
stage 26 embryos, and no obvious differences were
identified between sense and anti-sense probes at this
stage (Fig. 6E and F).

3.3. Tissue distributions and expression of ALSM isoforms
in adult squid

To examine the expression levels of ALSM isoforms in
adult squid, specific probes for northern blot analysis were
prepared by PCR amplification. Probes for ALSM I and IIX
were 68% and 58% identical to the corresponding
sequences of each isoform. Probe specificity was further
confirmed by Southern blot analysis against isolated cDNA
clones (data not shown). With northern blotting, each
isoform was detected below the ribosomal RNA (approx-
imately 2 kb), and the staining was detected only for the
liver (Fig 7A). Consistent with biochemical findings

(Tamort et al,, 1999; Yokozawa et al., 2002), signals for
ALSM III were stronger than signals for ALSM I
Restricted expression was further analyzed by RT-PCR
(Fig. 7B). Approximately 30 ng of complementary DNAs
for each isoform was used as template. Actin as an internal
control was detected in all tissues. Amplified fragments for
cach isoform were detected omly in the liver. Thus,
expression of ALSM isoforms seems to be restricted to
the liver of adult squid.

We reported previously that ALSM 1 was widely
distributed in tissues (Yokozawa et al., 2002), In this study,
we examined tissue distribution of ALSM III. An immunor-
eactive band was detected at 45 kDa; staining was
prominent for digestive organs, mcluding stomach, liver,
and pancreas and week in muscle tissues such as branchial
heart, mantle, and tentacle (Fig. 8); a 30-kDa degradation
product of ALSM was mainly detected in the mantle. In
embryos, staining of ALSM III was present in the iris and in
tissue comnected to the cornea. However, no immunoreac-
tive bands were detected by immunoblotting of adult squid
eyes. Distribution of ALSM Il was further examined by
double immunostaining with anti-actin antibody. Patchily
staining of ALSM III was detected (Fig 9B) and distributed
extracellularly in the mantle muscle (Fig. 9C), unlike the
intracellular distribution of actin (Fig. 9A). Squid liver
consists of hepatic lobules, as indicated by the dashed-line
m Fig, 9D. Staining of actin was detected in the boundary
area of the lobules (double arrowhead in Fig. 9E) and
periphery of the central vein (arrowheads in Fig. 9E). Strong
staining of ALSM Il was detected in hepatic cells, and

Fig. 6. In situ hybridization. Sections (16-m thickness) were prepared from frozen squid embryos at stage 28 (A, B, C, and D) and 26 (E and F). Sense and
anti-sense riboprobes were used to detect specific signal for ALSM I mRNA. (C and D), High-power views of boxed areas in A and B show expression of
ALSM I mRNA in the liver (li). Non-specific sense signals were seen in lower tip of body near the fin (fi), ink sac (is), retina (re), and cornea (co) at stage 28
embryo. Bars in A, B, E, and F are 0.5 sum; bars in C and D are 0.1 mm. ys, yolk sac.
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Fig. 7. mRNA expression of ALSMs in adult squid. (A) Northern blot
analysis of ALSM isoforms in tissues of adult spear squid. Approximately 30
ng of total RNA was separated on 1% agarose/formaldehyde gels, stained
with ethidium bromide (lower panes), and hybridized with specific probes
(ALSM Iand ALSMIII in upper panes). IRNA, ribosomal RNA. (B) RT-PCR
analysis of ALSM isoforms in tissues of adult spear squid. Complementary
DNAs (cDNAs) were reverse-transcribed from total RNAs with oligo-dT
primer. Approximately 30 ng of cDNA was used as template in the PCR
reaction under the conditions described in the Materials and methods.

weak staining was detected in interlobular artery or
mterlobular vein (Fig. 9T).

4. Discussion

Astacins are widely distributed in vertebrates and
mvertebrates. Recent analysis has shown that astacins are
associated with a wide range of physiologic events and that
some astacins are multifunctional proteases (Bond and
Beynon, 1995; Samras, 1996). The genome-sequencing of
Caenorhabditis elegans identified 40 genes that code for
astacin-like proteins, and they are classified into six groups
by comparison of the highly conserved protease domain and
unique C-terminal domain. Their expression levels and
profiles are highly organized developmentally (Mohrlen et
al., 2003). One astacin group with conserved protease and
MAM domains has been identified in squid. Two isoforms,
ALSM I and II for Japanese common squid and ALSM 1
and III for spear squid have been cloned and characterized.
ALSM was originally identified as a metalloprotease, which
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hydrolyzes MyHC specifically, and was thought to be
involved in muscle metabolism (Okamoto et al, 1993).
However, our recent analysis has shown that ALSM is a
secreted protease. To elucidaie the physiologic roles of
ALSM in vivo, we examined embryonic expression and
distribution of ALSM isoforms. Tracking squid throughout
their lives can be difficult, and handling and feeding
techniques for spear squid are not well established. Survival
after hatching in small aquariums is quite low (Y. Ikeda,
personal communication). In the present study, we obtained
squid embryos at three stages of development. To determine
ALSM tissue distributions, we wused specific antibodies for
ALSM I (TY-ID, (Yekozawa et al., 2002)) and IIT (K'Y-III).
These antibodies are specific to each isoform, as shown in
Fig. 2. However, bands detected in extracts from stage 28
embryos were seen as doublets, indicating that the anti-
bodies recognize not only the mature protein (45 kDa) but
also the precursor peptide (50 kDa) of each isoform. With
the same antibodies, only a single band (45 kDa) was
detected in tissue extracts from adult spear squid (Fig. §B),
suggesting the presence of a mechanism controlling the
differentiation of precursor ALSM to mature ALSM. The
physiological roles of astacins in development have been
well studied in fish. HCE and LCE of medaka are
choriolytic enzymes secreted from unicellular hatching
glands to digest the egg envelope. Expression of HCE and
LCE is detected in the late gastrula until just before hatching
(Inohaya et al., 1995; Hivoi et al, 2004). Immunoblot
analysis revealed that ALSM isoforms are expressed in

ALSM i

Fig. 8. Tissue distribution of ALSM III in adult spear squid. Proteins from
various tissue extracts (15 pg) were electrophoresed on SDS-polyacryla-
mide gels (A) and subjected to immunoblotting with an affinity purified
polyclonal antibody, KY-IIT (B). Asterisk indicates non-specific staining of
lens crystaliin.
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Fig. 9. Inumunohistochemical distribution of ALSM 1 in adult spear squid. Sections of the mantle muscle (A—C) and the liver (D—F) were double stained with
anti-actin antibody (red) and KY-II (green). Staining of ALSM III was patchy (B) and distributed extraceltularly, unlike the intracellular distribution of actin
(A). C, Merged image of (A) and (B). D, Macrascopic view of the liver section with double immunostaining. Squid liver consists of hepatic lobules (dashed-
line), like mammal liver. E, High magnification view of boundary area of hepatic lobules. Staining of actin was detected in the boundary area of hepatic lobules
(double arrowhead) and periphery of the central vein (arrowheads), whereas staining of ALSM III was detected in hepatic cells. F, High magnification view of
interlobular vein. A few layers of actin staining were observed in the vein, whereas staining of ALSM 111 was weaker in the vein than in hepatic cells. Insert in

panel C, E and F shows negative control in the absence of KY-IIL

newly hatched squid embryos (stage 28). No immmunor-
eactivity was identified in early stage embryos, which is
consistent with in situ hybridization (Fig. 6E and F) and
indirect immunofluorescence data (data not shown). Thus,
expression of ALSM in squid is unlike that of hatching
enzymes. Embryonic expression of astacin family proteins
has also been reported in hydra (Hydra vulgaris). HMP-1 is
secreted from body column endodermal cells at the apical
pole, where head regeneration occurs, and it translocates to
the tentacles. HMP-1 is involved in cell differentiation or
transdifferentiation in tentacle and head regeneration (Yan et
al., 1995, 2000b). Both ALSM isoforms were distributed in
the fin of the squid embryo; however, ALSM III was
confined to the apical region of the fin, suggesting that at
least one ALSM isoform contributes to developmental

events, as is the case for HMP-1. Distribution of ALSM
Il in mantle muscle also seems to be developmentally
regulated because no detectable immunofluorescence sig-
nals were observed in embryonic mantle muscle, whereas
apparent singles were detected extracellularly, which is
similar to that of ALSM I (Yokozawa et al., 2002).

As shown in Fig. 6, expression of ALSM I mRNA was
observed in the liver, and no signal was identified in other
tissues. Expression of ALSM III mRNA was also restricted
to the liver of embryos (data not shown). Northern blotting
and RT-PCR analysis revealed that expression of ALSM
mRNAs was restricted to the liver even in the adult squids,
suggesting ALSMs are provided only from the liver,
beginning at the later stage of embryogenesis and continu-
ing to maturity. However, immunofluorescence study and
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immunoblot analysis showed that ALSM III was distributed
in a wide variety of tissues, not only in embryos but also in
adult squid. These observations indicate that ALSM is a
secreted protease produced in the liver that later translocates
to several tissues, including muscle and non-muscle tissues.
In the present study, we observed ALSM I staining in the
iris and in tissue connected to the cornea. In situ hybrid-
ization showed no expression of ALSM mRNA in these
tissues. Therefore, expression in the iris and in tissue
connected to the cornea may be translocated from the liver.
We further examined whether ALSM I is present in adult
squid eye tissues. However, no signals were detected in
these tissues by immunoblot analysis (Fig. &), or immuno-
flyorescence inspection (data not shown). Thus, distribution
of ALSM TIIT in the eyes seems to be developmentally
regulated. There are no reports that astacins are involved in
eye development or physiological functions of the eye.

In this study, we first showed that expression of ALSM
O was higher than that of ALSM I This result is
consistent with the biochemical evidence that i vitro
MyHC hydrolysis activity of crude extracts is higher in
ALSM III than in ALSM 1 (Tamori et al, 1999), and
purification yields of ALSM III obtained from the same
liver extract source as ALSM 1 are approximately 3-fold
(unpublished data), showing that expression of ALSM
isoforms is regulated at the transcription level. In
summary, our current findings suggest that ALSMs are
secreted proteases that are initially expressed at late stages
of embryogenesis in the squid liver and then translocate to
various muscle and non-muscle tissues. The distribution of
ALSM isoforms is differentially regulated, and the iso-
forms appear to associate with different parts of the tissue.
We provide evidence that at least one isoform (ALSM III)
contributes to the developmental events of squid. Addi-
tional studies are needed to determine the physiologic
functions of ALSM isoforms.
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Fig. 2 Microscopic pictures of hamster hearts. The arrows and arrowheads denote the interstitial fibrosis and

calcification, respectively.
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Fig. 3 (A) Short-axes view of the left ventricular cavity by high-frequency (13 MHz) echocardiography and M
mode recording in TO-hamsters. (B) Summary of the left ventricular systolic dimension (Ds), the left ventricu-
lar diastolic dimension (Dd), fractional shortening (FS), and ejection fraction (EF) in reporter group of ani-
mals transfected by the reporter gene alone (R, n=10) or § group cotransfected by the reporter gene plus nor-
mal §-SG genes (+6, n=10). In the & group, the enlarged Ds, reduced FS and decreased EF were improved,

compared with the reporter group (Ref 17).
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Fig. 4 (A) Improvement of hemodynamic indices at 35 weeks after the gene therapy with recombinant adeno-
agsociated virus vector (rAAV). R: reporter group transfected by the reporter gene alone (n=12); +6: & group
cotranfected by the reporter gene plus normal §-SG genes (n=18); LVP: left ventricular pressure; dP/dt

maximum derivative of LVP; dP/dt; : minimum derivative of LVP; LVEDP: the left ventricular end-diastolic
pressure, CVP; central venous pressure, HR; heart rate. (B) Mortality of TO-2 by Kaplan-Meier analysis after
gene therapy. In the reporter group (R), 5 animals died during the 35 weeks. In contrast, all animals in the &-

max”

SG gene transfected group (+¢) survived (Ref 17).
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Fig. 5 Time-dependent fragmentation of dystrophin (Dys.) after the administration of isoproterenol (Isp) at
high dose. Dys was disrupted by Isp, translocated, and fragmented (Ref 25).
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